Abstract: The seasonal evolution of vertical distribution of fish larvae and its relationship with seasonal stratification, as measured by a quantitative stability parameter, were analyzed for a region off Bahía de La Paz in the southwestern Gulf of California. Samples were obtained with an opening-closing net (505 mm) in 50-m depth strata from surface to 200-m depth in May, July, and October 2001 and February 2002. Significant differences in total larval abundance and in dominant species (mesopelagic and epipelagic) were found among strata from May to October. More larvae were found in maximum-stability strata (from 16 G 5 to 48 G 17 m depth) than below the pycnocline (from 100-to 150-m depth). In February, the 100-m-deep surface mixed layer had a weak pycnocline at its base, and no significant difference was found. Results show that vertical distribution of fish larvae in this area depends mainly on the seasonal evolution of the water column structure, with most fish larvae in the pycnocline, at the most stable stratum of the water column.
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Vertical gradients in concentration of fish larvae and zooplankton are usually stronger than horizontal gradients (Ahlstrom 1959 , Lasker 1981 , Rö pke 1993 . These vertical gradients may be associated with seasonal changes in the hydrographic structure of the water column, such as temperature and salinity gradients, mixed layer depth, and other changes, as well as biological factors such as behavior and development stage of the species or the vertical distribution of their prey and predators (Lasker 1975 , Munk et al. 1989 , Moser and Smith 1993 . Studies of vertical distribution of fish larvae in the open sea have shown that the greatest abundance and diversity occur through the pycnocline (layer of sharp change in water density with depth) during periods of strong stratification in the water column or in the surface mixed layer during periods affected by strong winds and tides (e.g., Ahlstrom 1959 , Lasker 1975 , Loeb and Nichols 1984 . However, studies in coastal and reef areas, where the structure of the water column is complex and less constant than in the open sea, have found that vertical distribution of fish larvae depends more on the behavior of each species than on the physics of the water column (Fortier and Harris 1989, Leis 1993) .
Even though these studies have generated important information on vertical distribution of fish larvae in specific areas and periods, knowledge on seasonal evolution of vertical distribution of fish larvae in relation to water column structure in tropical regions is still incipient. In particular, although it has been a long time since Sverdrup (1953) linked spring phytoplankton bloom to stability through his critical depth hypothesis and Lasker (1975 Lasker ( , 1981 postulated that a stable environment promotes aggregation of fish larvae and their prey, thereby enhancing larval survival, studies that relate vertical distribution of fish larvae to stability measurements of the water column are practically nonexistent. Because the hypotheses described in those studies were designed for midlatitude conditions, it is particularly interesting to know whether they apply to vertical distribution of larvae in tropical regions such as the Gulf of California.
The southern Gulf of California is characterized by strong seasonal variation in the structure of the water. In spring and summer the stratification reaches the surface, but in winter the surface mixed layer can reach down to 100-m depth (e.g., Castro et al. 2000 , Amador-Buenrostro et al. 2003 , Lavín and Marinone 2003 . Bahía de La Paz (Figure 1 ) is the largest coastal embayment on the southwestern side of the Gulf of California and is connected with the gulf through two entrances. The main entrance (northeast of the bay) is wide (37 km) and deep (250 m), whereas the smaller entrance (south of the bay), is narrow (7 km) and shallow (19 m). In association with the physiography of the main entrance of the bay, a high diversity and abundance of fish species of commercial and ecological importance, both in larval and adult stages, have been recorded (e.g., Balart et al. 1997 , González-Armas 2002 , Sánchez-Velasco et al. 2004 .
Because of the continuous interaction between the main entrance of the bay and the gulf (Trasviñ a- , Sánchez-Velasco et al. 2006 , it was expected that fish larvae of a large number of species would be distributed vertically as a function of the seasonal changes of the water column structure (e.g., maximum stability, pycnocline and surface mixed layer depth). The aim of this study is to make an initial description of vertical distribution of fish larvae in the southwestern gulf just outside the main entrance to Bahía de La Paz, its seasonal evolution, and its relationships with the vertical structure of the water column. A quantitative measure of stability was used to link the seasonal changes of the vertical distribution of larvae to stratification. (Figure 1 ).
materials and methods
Vertical profiles of temperature and conductivity were obtained at each station with a conductivity, temperature, depth profiler (model 911 plus, Sea-Bird Electronics, Bellevue, Washington). The data were processed with the manufacturer's software to obtain temperature and salinity profiles interpolated to 1-m intervals. A Hanning filter was applied five times to the potential temperature (T) and salinity (S) profiles before calculating the potential density anomaly, gðzÞ ¼ rðzÞ À 1;000, where r is density and z is depth, which was then used to calculate the stability parameter, EðzÞ ¼ Àr À1 dr/dz; the latter is a local measure of stratification, being maximum where the pycnocline is the strongest.
The depth of the surface mixed layer ðH mix Þ, the range of the pycnocline, and the depth of maximum stability ðZ Emax Þ were estimated by examination, for each station, of the profiles TðzÞ, SðzÞ, gðzÞ, and, especially, EðzÞ. Mean profiles of those variables were also obtained for each cruise.
The zooplankton samples were collected during both daylight and darkness with an opening-closing conical zooplankton net with 50-cm mouth diameter, 250-cm mesh length, and 505-mm mesh size, at four depth strata: 0-50 m, 50-100 m, 100-150 m, and 150-200 m. The depth of each stratum was calculated by the cosine of the wire angle method following the standard specifications of Smith and Richardson (1979) . The mean bottom depth was 250 m. The deepest interval was not sampled in February 2002 due to technical problems (the cable had to be cut during the cruise). The filtered water volume was calculated using calibrated flowmeters placed in the mouth of the nets. Each sample was fixed with 5% formalin buffered with sodium borate. Larvae were removed from the samples and identified according to the descriptions of Moser (1996) . Larval abundance was standardized to number of larvae per 10 m 2 . Because of the great variance characteristic of the zooplankton organisms, which are dis- tributed in patches in the sea (Margalef 1968) , the nonparametric Mann-Whitney test (Sokal and Rohlf 1979) was used to assess the statistical significance of differences of the total larval abundance between day and night hours and among the different depth strata in each sampled period. There was no significant difference in total larval abundance between day and night hours in all cases ðP > :05Þ, except in one stratum in July (Table 1) .
Similarities among the different depth strata were based on taxa with a frequency of occurrence b5% in each period. To reduce the weight of the most abundant species, the standardized data were fourth-root transformed. Groups of strata were defined using the Bray-Curtis dissimilarity index, a technique that is not affected by multiple absences and gives more weight to abundant species than to rare ones (Bray and Curtis 1957, Field et al. 1982) . Dendrograms were made by the flexible agglomerative clustering method (Sokal and Sneath 1963) .
results
The T-S diagram and the average profiles TðzÞ, SðzÞ, gðzÞ (Figure 2) show the usual seasonal pattern of the Gulf of California hydrography (Castro et al. 2000, Lavín and Marinone 2003) . The 0-to 150-m layer was occupied most of the year by Gulf of California Water (GCW S > 35 ups, T > 12 C), except in October when Tropical Surface Water (TSW S < 35 ups, T > 18 C) completely displaced the GCW in the 0-to 60-m layer. Subtropical Subsurface Water (StSsW ) was present from 150 to 500 m, and Pacific Intermediate Water (PIW ) in the remainder of the sampled water column. The seasonal evolution of stratification in the top 200 m of the water column, described here, is based on the mean stability profiles EðzÞ (Figure 3) .
In May, some stratification was present from the surface to 100 m; the high values of the stability parameter EðzÞ in the upper 50 m (Z Emax ¼ 16 G 5 m) indicate that the pycnocline covered from near the surface to @40 m. In half of the stations the surface mixed layer depth was 10 m, and in the other half it was 0 m; in the latter, the surface salinity ðS s ¼ 35:31Þ was the highest of the study (Table 2) .
In this period, fish larvae of 27 species in 19 families were collected (Appendix). Significant differences between the total larval abundance of the 0-to 50-m and 100-to 150-m strata and between the 0-to 50-m and 150-to 200-m strata were found ðP < :05Þ (Table 3 ). The most abundant species were Vinciguerria lucetia (Phosichthyidae) (65%), Diogenichthys laternatus (Myctophidae) (11%), and Opisthonema spp. (Clupeidae) (7%) accounting for 83% of the fish larvae caught in the cruise. The first two species were distributed over the entire sampled water column, whereas Opisthonema spp. larvae were found only in the upper 50 m. The larval abundance of V. lucetia was significantly different between the 0-to 50-m and the 100-to 200-m strata ðP < :05Þ (Figure 4) . Although the highest mean larval abundance of this species was in the 50-to 100-m stratum, it was not Note: S s and T s , respectively, are salinity and temperature at 1-m depth; H mix is the surface mixed layer depth; Z Emax is the depth of the maximum value of the stability parameter. All GSD of the estimates from the individual profiles.
significantly different from those of the other strata due to high variance. The BrayCurtis index clearly defined two groups of strata: the surface stratum (0-to 50-m depth) and the strata from 50-to 200-m depth (Figure 5 ), in line with the significance test.
In July, the stratification again reached to the surface (H mix @ 0 almost everywhere) and was present down to 100-m depth. The strongest stability (that is, the pycnocline) was found in the upper 40 m (Z Emax ¼ 12 G 7 m) ( Table 2) .
In this period, fish larvae of 46 species in 31 families were collected (Appendix). Significant differences between the total larval abundance of the 0-to 50-m and 150-to 200-m strata were found ðP < :05Þ (Table  3) . The most abundant species were V. lucetia (33%), Triphoturus mexicanus (Myctophidae) (30%), and D. laternatus (16%). These three species were found over the entire sampled water column. The abundance of V. lucetia larvae was significantly different between the 0-to 50-m and 50-to 100-m levels and between the 0-to 50-m and 150-to 200-m levels ðP < :05Þ (Figure 4) . The Bray-Curtis index did not define strata groups as in the other periods, but most of the 0-to 100-m strata were separated from the 100-to 200-m strata ( Figure 5 ).
In October, the surface mixed layer was 20 m deep, a mean pycnocline was present from 30-m to 80-m depth (although there was some stratification down to 125 m), and there were two stability peaks, at 30 and 54 m. The lowest S s (34.87) was observed in this period, with minimum salinity cores (@34.74) at 40-to 60-m depth as marked by the two peaks in EðzÞ (Table 2) .
Fish larvae of 88 species in 47 families were collected (Appendix). Significant differences were found between the total larval abundance of the 0-to 100-m and 15-to 200-m strata ðP < :05Þ (Table 3 ). The most abundant species were V. lucetia (23%), Benthosema panamense (Myctophidae) (20%), and D. laternatus (5%). These species were found over the entire sampled water column. The abundance of B. panamense and V. lucetia larvae was significantly different between the 0-to 100-m and the 150-to 200-m strata ðP > :05Þ (Figure 4) . The Bray-Curtis index defined a large group for the strata from 0-to 100-m depth ( Figure 5 ), and most of the strata from 150-to 200-m depth were not clustered.
In February, stratification was weak in the top 200 m, and the density step across the pycnocline was very small. The surface mixed layer was 100 m deep, and the maximum stability was located at the base of the mixed layer. The lowest T s and a S s as high as in May 2001 (35.31) were recorded in this period (Table 2) .
Fish larvae of 15 species in 11 families were collected (Appendix). No significant differences among total larval abundance of the sampled strata were found ðP > :05Þ (Table  3) . The most abundant species were Sardinops sagax (29%) (Clupeidae), D. laternatus (24%), and V. lucetia (20%). Larvae of D. laternatus and V. lucetia were found over the entire sampled water column, and most of the sardine larvae were in the upper 50 m. No significant differences were found among the sampled strata ðP > :05Þ (Figure 4) . The Bray-Curtis index defined a large group including strata from 0-to 150-m depth, in line with the significance test ( Figure 5 ). discussion Results show that vertical distribution of the fish larvae in the area just outside the main entrance to Bahía de La Paz is related to seasonal evolution of the vertical structure of the water column. Total larval abundance and the most abundant and frequent species were significantly higher in the most stable stratum of the water column than below the pycnocline.
In May, when the pycnocline and Z Emax were both found in the top 50 m, total larval abundance and abundance of V. lucetia larvae were significantly higher in the 0-to 50-m depth stratum than in the 100-to 150-m and 150-to 200-m strata. In July, when stratification was similar to that in May, total larval abundance and abundance of V. lucetia larvae were significantly higher in the 0-to 50-m stratum than in the 150-to 200-m stratum. In October, when the pycnocline extended from 30-to 80-m depth and the two Z Emax were present in the upper 100 m, there was a coincident significant difference in total larval abundance and in abundance of B. panamense and V. lucetia larvae between the 0-to 100-m interval and the 150-to 200-m stratum. In February, when the mixed layer was 100 m deep and the pycnocline was very weak, no significant differences were found in total larval abundance nor in the larvae of the most abundant species in the sampled strata (0-to 150-m depth).
Although there are no previous studies that relate vertical distribution of fish larvae to evolution of the structure of the water column in the Gulf of California, relationships between the pycnocline and high abundance of fish larvae recorded in this study tend to be in agreement with previous work elsewhere. Loeb and Nichols (1984) , who analyzed the vertical distribution of zooplankton in general at one site in the eastern tropical Pacific during summer, noted that maximum ichthyoplankton abundance and diversity occurred in the pycnocline; the studies of Moser and Smith (1993) in the California Current found the highest density of fish larvae to be associated with the interface between the mixed layer and the pycnocline in summer; and Rö pke (1993) , in the northern Arabian Sea during an intermonsoon period (March-June), reported that fish larvae of the most abundant mesopelagic species were closely associated with the pycnocline but less abundant mesopelagic species were found below it.
Those previous works did not take into account relationships between Z Emax and larval fish distribution, but we suggest with our results that there are favorable conditions for most fish larvae through the pycnocline and particularly in the strata where Z Emax was registered. The fundamental reason for this result cannot be investigated with the data presented here. Among the possible hypotheses that can be tested are Sverdrup's critical depth hypothesis (Sverdrup 1953 ) and Lasker's stability hypothesis (Lasker 1975 (Lasker , 1981 , which suggest the importance of water column stability in the life cycles of planktonic species. In the most stable zone of the water column, interaction of optimal concentrations of nutrients, oxygen, and solar radiation results in phytoplankton blooms and promotes prey-predator aggregations: in this case, fish larvae with their prey, a prime requisite for larval survival. We hope that future work will address the subject.
In particular, vertical distribution of the sardine larvae in this study, Ophisthonema spp. in May and S. sagax in February, indicates that even though these species were above or in the steepest gradient of the pycnocline, they were concentrated in the uppermost stratum of the water column (a50-m depth), apparently unaffected by the position or thickness of the pycnocline or the mixed layer depth. Ahlstrom (1959) and Moser and Smith (1993) found that S. sagax larvae occur predominantly in the upper part of the mixed layer during periods of strong winds in the California Current region. ArmentaMartínez (2004) observed great abundance of sardine larvae (Ophisthonema spp. in summer and S. sagax in winter) at 10-m depth inside Bahía de La Paz. This suggests that the larvae of S. sagax and Ophisthonema spp. consistently inhabit the upper meters of the water column, at least until the larval postflexion phase.
The fact that larval movements in relation to the daily cycle were not evident in this study may be related to the thickness of the sampled strata (i.e., intervals of 50 m). Brewer and Kleppel (1986) , Leis (1986) , and Fortier and Harris (1989) , who made studies of vertical distribution of fish larvae in narrower strata (<10-m depth) in shallow areas, detected variations in relation to the daily cycle. But in all of those studies the water column did not present substantial vertical thermal or salinity gradients, in contrast with the strong stratification of the water column observed in the Gulf of California. It is possible that significant larval movements would be detected in relation to the daily cycle if narrower strata had been sampled.
The intrusion of Tropical Surface Water (TSW ) that was recorded in the study area in October 2001 coincided with the highest specific richness of fish larvae of all cruises, being almost six times richer than in February. This intrusion of TSW is part of the seasonal pattern of the gulf's hydrography, being evident in summer months due to the poleward intrusion of TSW, probably through the poleward Costa Rica Coastal Current or Mexican Current (Kessler 2006 .
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